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Carbon nanotube (CNT) is a hollow structure consisted by one-atom-thick
sheet of carbon atoms, which can be considered as a rolled-up graphene sheet.
The diameter and rolling angle (chirality) uniquely determines its electronic
structure. Over two decades of study, due to the difficulty of synthesizing
clean individual CNTs and the limitation of accurate chirality characterization,
there are still unveiled questions towards the intrinsic properties of this 1-D
material at single molecular level. In this thesis, I will discuss the approaches
of fabricating chirality assigned CNT device and the experimental results of
its optical and electrical properties.
In the first part, I describe using ‘fast heating’ chemical vapor deposition
(CVD) method to achieve the high quality suspended CNT growth. Combining
Rayleigh and Raman spectroscopy, I demonstrate the accurate assignment of
chirality for each suspended individual CNT.
With the ability of chirality identification, a series of optical and electrical
experiments were conducted on the selected CNTs of interest. In the following
part, I first discuss the probe of many-body effect in a semiconducting CNT
by observing the elastic scattering (Rayleigh spectra) with electrostatic gat-
ing. We found the dominant short-range interaction is reduced to 85% of its
intrinsic strength for doping level of ρ = 0.4e/nm, demonstrating the possible
control of sub-band exciton resonance frequency without rely on Pauli-blocking
effect in CNTs.
In order to study the substrate effect in electrical transport of CNTs, I im-
proved the transfer technique to accurately place individual CNT on a specific
substrate. With this technique, I’ve achieved transferring individual CNT on
20µm × 20µm thin layer of hexagonal-boron nitride (h-BN) substrate with a
±5µm error.
The low field electrical transport studies were conducted on both metallic
and semiconducting CNTs with known chiralities on h-BN. Temperature de-
pendent measurement shows the resistivity becomes superlinear around 250K,
consistent with the prediction that the surface polar phonon of h-BN couples
with electrons in CNT at higher phonon energy than SiO2. Moreover, the FET
devices of CNT on h-BN with graphite local back gate show hysteresis free fea-
ture in vacuum, and the subthreshold swing of 118mV/dec is comparable to
high κ dielectric HfO2 based device.
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1.1 Forms of carbon material
Carbon material world has four main classes in dimension: diamond and
graphite (3D), graphene-one layer of graphite (2D), carbon nanotube (CNT)
(1D), and fullerene (0D). As shown in Figure 1.1, carbon nanotube can be
considered to be built from graphene sheet so that they share similar struc-
tures. As a quasi-1D material, carbon nanotube has been intensively studied
for the past two decades due to its extraordinary properties and importance in
physics, ever since Iijima’s report brought it to the awareness of the scientific
community in 1991[1].
1.2 SWNT fundamentals
Carbon nanotube is a hollow structure with the walls formed by one-atom-
thick sheets of carbon. It has nanometer scale in diameter but a length from
µm to cm. This great aspect ratio makes it a quasi-one-dimensional material.
And the confinement along circumference gives rise to significant quantum
effects which bestows CNT unique electrical and optical properties.
1
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Figure 1.1: Graphene is a 2D building material for carbon materials of all
other dimensionalities. It can be wrapped up into 0D buckyballs, rolled into
1D nanotubes or stacked into 3D graphite[2].
CNTs can be divided into three types based on the number of walls as
single-walled (SWNTs), concentric multi-walled (MWNTs), and double-walled
carbon nanotubes (DWNTs). This thesis will only focus on SWNTs. Here a
formal description of SWNT structure is given, followed with the discussion
on its electronic structure [3; 4].
2
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1.2.1 Geometry of SWNTs
In graphene sheet, the 2s electron and two 2p electrons of the carbon atom
are hybridized and form three sp2 orbitals with optimized angle of 120 ◦ in a
plane as depicted in Figure 1.2. Each carbon atom connects to the adjacent
atoms by the overlap of the sp2 orbitals called σ bond and forms the hexagonal
network structure. The other 2p orbital stays in perpendicular to the plane
and forms π orbital, the electron on which is considered to contribute to the
electrical conduction.
Figure 1.2: The sp2 hybridization in graphene. The 2s orbital and two 2p
orbitals are hybridized and form three sp2 orbitals, which are located in a
plane with an angle of 120◦ in between. The third 2p orbital forms ‘π’ or-
bital in perpendicular to the plane, which is considered to be contributing
to the electrical conduction in graphene and nanotube. Image is modified
from the original one on the web page http://besocratic.colorado.edu/CLUE-
Chemistry/chapters/chapter3txt-3.html.
Graphene sheet has unit cell shown in Figure 1.3(a). Two unit vectors â1


















where |â1| = |â2| = a =
√
3acc, where acc = 1.42 Å is the distance between














Figure 1.3: (a) The unit cell of graphene (enclosed by the dashed rhombus)
contains two atoms A and B. (b) The Brillouin zone (yellow region), and high
symmetry points M , K, and Γ. The real- and reciprocal-space unit vectors
are shown by âi and b̂i (i = 1, 2).
in Figure 1.3(b). This is the momentum space reciprocal lattice, and is spanned

















The structure of carbon nanotube is specified by the chiral vector Ch as
shown in Figure 1.4, which defines the direction of rolling up the graphene sheet
into a tube (point A and B’ is overlapped with point O and B, respectively).
Chiral vector Ch can be expressed in terms of the real space unit vectors as
nâ1+mâ2 ≡ (n,m), where n andm are positive integers, and n ≥ m. The angle
θ that ~Ch makes with â1 is called the chiral angle, and for symmetry reasons
0 ≤ θ ≤ π/6. The diameter of the SWNT, dt = |~Ch| = a
√
n2 +m2 + nm. The
vector ~T in Figure 1.3 is called the translation vector, and is the 1D unit vector
of the SWNT. It is oriented parallel to the SWNT axis, and perpendicular to
























Figure 1.4: The chiral vector ~Ch for an (n,m) = (4,2) SWNT. The chiral angle
is shown by θ.
and (2n+m). By Euclid’s law, it turns out that
dR =
d if n−m is not a multiple of 3d3d if n−m is a multiple of 3d , (1.4)
where d = gcd(n,m). The vectors ~Ch and ~T define the rectangle OAB
′B in
Figure 1.4, which encloses the unit cell of the SWNT. The number of hexagons
in the unit cell is N , where
N =
|~Ch × ~T |
|â1 × â2|
=
2(m2 + n2 + nm)
dR
. (1.5)
The combinations of (n,m) give rise to many possible SWNT structures,
which generally can be classified by chiral angle and described as achiral (zigzag
and armchair) and chiral SWNT (See Figure 1.5).
1.2.2 Electronic structure of SWNTs
The dimensions of the 3D bulk material are much larger than the constituent
elements, which allows for a continuum of possible electronic state. But when
5
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Zigzag (10,0) Armchair (8,8) Chiral (10,5)(a) (b) (c)
Figure 1.5: Examples of the three different SWNT geometries, zigzag, arm-
chair, and chiral.
going from a bulk material to a low dimensional material, the electronic states
are constrained by quantum effects in the nanoscale direction, which can be
considered as a subset of the electronic states of the bulk material(see Fig-
ure 1.6). The electronic density of state (DOS) dependence on energy g(E) is


















Figure 1.6: Typical density of states g(E) for materials of different dimen-
sionality. Quantum effects confine the allowed states as the dimensionality is
reduced.
In SWNT, since the unit vectors are ~Ch and ~T , the reciprocal lattice vectors
6
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corresponding to the circumferential direction ~K1 and the axial direction ~K2
are defined with the following relations,
~Ch · ~K1 = ~T · ~K2 = 2π, ~Ch · ~K2 = ~T · ~K1 = 0. (1.6)




(−t2~b1 + t1~b2), ~K2 =
1
N
(m~b1 − n~b2) (1.7)
The first Brillouin zone of the SWNT is expressed as a segment of ~K2 noted







Figure 1.7: Cutting lines in the Brillouin zone for a (4,2) nanotube.
The method of constructing 1D electronic energy subbands by cutting the
2D electronic dispersion relations of graphene with these lines is known as the
‘zone-folding scheme’ (Figure1.8(a)). The quantized wave vector of SWNTs
causes a sharp divergence in their DOS, noted ‘van Hove singularities’ as shown
in Figure 1.8(b).
If the cutting line does not pass the K-point in first BZ, the DOS is zero at
the Fermi level, which makes it intrinsic semiconducting as the (4,2) SWNT
shown in Figure1.9. If it passes the K-point, the valence and conduction bands
will touch each other, and give rise to a nonzero value of DOS at Fermi level,
which makes it metallic as the (5,5) SWNT. Hence, the electronic property of




Figure 1.8: (a) The electronic dispersion relation over entire Brillouin zone of
graphene. The labels indicate high-symmetry points. (b) Dispersion relation
at K point which is similar to two Dirac cones touching at the tip. Each
cutting line gives rise to a different energy subband[5].
the SWNT is metallic, otherwise, it is semiconducting. Thus, statistically
speaking, one third of SWNTs are metallic, and two thirds are semiconducting.




























Figure 1.9: Plots of the density of states for a semiconducting (4,2) chiral
SWNT, and a metallic (5,5) armchair SWNT
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Chapter 2
Optical Characterization
Optical spectroscopy is widely used in characterizing carbon nanotubes thanks
to its non-contact and non-destructive nature. It gives abundant information
about CNT’s electronic structure and is valuable in connecting with other
measurements, like electric transport, to understand the whole picture of car-
bon nanotube. Especially, since our lab was able to synthesize and transfer
long suspended SWNT, it enables the study of intrinsic electrical property at
single molecular level[6; 7]. Therefore optical spectroscopy becomes an impor-
tant tool for chirality identification and selection of the individual CNT for
the following electrical experiments.
2.1 Excitons in CNT
An exciton consists of a photo-excited electron and a hole bounded to each
other by a Coulomb interaction in semiconductors. In bulk 3D semiconducting
materials such as Si, Ge and III-V compounds, the binding energy is calculated
as ∼10 meV, while in SWNTs due to its 1D properties, the electron-hole at-
traction becomes lager and can be as large as 1 eV so that the excitonic effect
can be observed at room temperature[8]. It is essential for the optical pro-
9
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cesses in SWNT such as absorption, photoluminescence, Rayleigh and Raman
spectroscopy.
2.2 Kataura plot
Excitonic transition energy is the energy that needs to excite electron from
valence band to conduction band, denoting as Sii or Mii, where S and M
indicate semiconducting and metallic respectively, and the subscript means
the ith subband. Due to the many-body correction, the excitonic transition
energy is a bit larger than the single particle band-gap. It generally follows
the relation of Eii =
p
dt
where p = 1, 2, 3, 4, 5... corresponding to transition








Figure 2.1: Kataura plot generated from the calculation by tight-binding
theory[9]. The black crosses(dots) indicate Type-I(II) semiconducting CNTs,
while the red dots indicate metallic CNTs. All transitions are inversely pro-
portional to the diameter. In Kataura plot, one can easily locate the possible
CNT by its transition energy and diameter information.
10
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If plotting the excitonic transition energies of each CNT as the function
of diameter as shown in Figure 2.1, we obtain so called Kataura plot. It is
widely used in optical characterization to assign the chirality of CNTs. For
example, the circled points corresponds to S11 and S22 transitions of CNT (11,
6) with diameter of dt = 1.17nm. The shaded area indicates all possible CNTs
within the observation range of spectrometer and the diameter range with our
synthesis method.
2.3 Rayleigh spectroscopy
Rayleigh scattering is elastic scattering process which means no energy gain
or loss in the absorbing and scattering processes. Rayleigh spectroscopy mea-
sures scattered photon which has the energy matching the excitonic transition
energy.With free standing CNTs, there is no background or environmental
perturbation and thus very clean spectrum can be obtained.
Broadband light generated by a super-continuum source was focused on
the suspended nanotube with spot size of 2-3µm and polarization along the
nanotube axis. The scattered light was collected by a spectrometer through
a confocal arrangement as shown in the schematics in Figure B.1. The signal
intensity versus emitted photon energy is then plotted known as Rayleigh
spectrum.
Next let’s take a close look at how to interpret the spectra and what kind
of information can be deduced.
Generally speaking, from the number of peaks one can roughly distinguish
whether an individual CNT or a bundle is under examination. With detector
range of 400 to 1100 nm, for CNTs with diameter from 1 to 3 nm, usually
we can see two well defined peaks for semiconducting CNTs corresponding to
S33, S44 transitions as shown in Figure 2.2. But one should be aware of the
11
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(a) Type-I(16, 12) (b) Type-II (25, 2)
Figure 2.2: Rayleigh spectra of semiconducting CNTs (a) Type-I (n−m ≡ 1
(mod 3)) and (b) Type-II (n−m ≡ 2 (mod 3)).
(a) Armchair CNT (15, 15) (b) Chiral Metallic CNT (16, 4)
Figure 2.3: Rayleigh spectra of (a) an armchair CNT and (b) a chiral metallic
CNT.
case for small diameter CNTs, in which there could be three peaks appeared
in the spectra with one at low energy (S22) and two at high energy (S33,
S44) with a big separation. For metallic CNTs, M11 or/and M22 transitions
12
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can be observed, with the ratio roughly of M22/M11=2. For chiral-metallic
CNTs, transition energy Mii is split into two peaks due to the trigonal warping
effect[10] expressed as M+ii and M
−
ii (Figure. 2.4(a)), with the separation less
than 0.5 to 0.6 eV for the CNTs with the diameter range in our study. Overall,
if more than three peaks are observed, it’s considered from a CNT bundle.
(a) (b) (c)
Figure 2.4: Three cases of the cutting lines in the vicinity of K point. (a) Matel-
lic (n−m ≡ 0 (mod 3)), (b) Semiconducting Type-I (n−m ≡ 1 (mod 3)), (c)
Semiconducting Type-II (n−m ≡ 2 (mod 3)). Red lines indicate the first Bril-
louin zone of graphene and the arrow indicates the direction of Γ point. Solid
black lines indicate the cutting lines with equal distance, and the increment is
indicated by dashed black lines for the guidance of eyes.
Trigonal warping effect also has impact on the ratio between transition
energies in semiconducting CNTs. In type-I semiconducting CNTs (n−m ≡ 1
(mod 3)), since the cutting lines with odd numbers (S11, S33 etc) are located
outside the first Brillouin zone (BZ) of graphene as shown in Fig. 2.4(b),
subbands are generated with bigger band gaps compared with the cases for the
same distance from K point within the first BZ. This effect is more significant




Oppositely, in type-II semiconducting CNTs (n − m ≡ 2 (mod 3)), the odd
number cutting lines are located inside the first BZ causing S44
S33
< 1.25 as
shown in Fig. 2.4(c). This effect also depends on the chiral angle: it would get
13
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stronger as the chiral angle decreases (from armchair to zigzag).
2.4 Raman spectroscopy
Raman scattering is inelastic scattering process. It involves photon-electron-
phonon interaction. Electron is excited by a incident photon and scattered by
a phonon where it loses or gains energy from, and relaxes to its ground state
by emitting another photon. Therefore the photons of emission and excita-
tion have energy difference matching the phonon energy. Raman spectroscopy
records this energy difference, called Raman shift. It is widely used in char-
acterizing molecule structures which gives rise to distinct vibrational modes.
Especially the resonance Raman spectroscopy(RRS) is normally used due to
the greatly enhanced Raman signal when laser energy matches the transition
energy.
In CNT studies, Raman spectroscopy is a very well developed tool to char-
acterize the chirality combining the information from several phonon modes.
In particular, G-band and RBM(radial breathing modes) are most informative.
G-band is a tangential mode originated from graphite in which a vibrational
mode around 1582 cm−1 is observed. G-band of a chiral(achiral) nanotube is
composed of phonon modes of symmetries A(A1g), E1(E1g) and E2(E2g) orig-
inating from a first-order Raman process. In semiconducting CNTs, G-band
has two main feature peaks called G+ and G− observed at about 1570 and
1590 cm−1. They are associated with vibrations of the carbon atoms along
the circumferential direction (TO phonon) and along the nanotube axis (LO
phonon) as shown in Figure 2.5(a). In metallic CNTs, a broad line shape at
G− called ‘Breit-Wigner-Fano’ (BWF) is always observed as shown in Fig-
ure 2.5(b). Because of the electron-phonon interaction, the phonon mode
frequency at a certain wavevector is downshifted (Kohn anomaly) for one of
14
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the two G-modes. Therefore, the assignment in metallic nanotube is opposite
to semiconducting case as G−(LO) and G+(TO). According to the selection
rule, in zigzag(armchair) CNT only LO(TO) mode is allowed[11]. For chiral
metallic CNT, both LO and TO modes are allowed. Therefore, the broad BWF
feature of LO mode is a sufficient but not necessary condition for assignment
of metallic CNT.




































Figure 2.5: Raman spectra of single-walled carbon nanotubes: (a) semicon-
ducting CNT (14, 13) and (b) metalic CNT (16, 4).
RBM is originated from atoms along the circumference moving in and out
simultaneously. Therefore it’s linked with tube diameter. Empirical evidences
show that it follows the relation of ωRBM = A/dCNT +B, where A and B value
have been reported in several versions, e.g. A = 204, B = 27 for free-standing
CNT from 1.4 to 3 nm [12]. Most recently, Liu et al. [13] has reported a
relation of ωRBM = 228/dCNT by combining direct structure detection of TEM
and Raman spectra in a large number of suspended CNT samples. However,
this study is limited with the diameter range above 2 nm, while our CNTs
mostly have diameter between 1 and 2 nm. Yet an accurate description of
ωRBM and dCNT has not been determined, one can still use it to obtain a
reasonable estimate.
15
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Using the resonance Raman spectroscopy, one can confirm the CNT’s semi-
conducting or metallic nature from the shape of G-band. Furthermore, the
diameter estimation from RBM would greatly assist to shrink down the possi-
bility for assigning a CNT in Kataura plot(Figure 2.1) which plots the transi-
tion energy as the function of diameter. Therefore, by combining the Rayleigh
and Raman spectroscopy, one can accurately assign the CNT chirality from
its optical transition and vibrational information.
2.5 Examples of chirality assignment
Two examples are given here to demonstrate the assignment of the chirality
from Rayleigh and Raman spectroscopy.
From the Rayleigh spectrum of a CNT shown in Figure 2.6(a), two op-
tical transition peaks located at 1.70 and 1.94 eV are observed. Based on
the peak positions, they could be S33 and S44 transitions of semiconduct-
ing CNT with diameter of ∼2.3 nm or M−11 and M+11 of metallic CNT with
diameter of ∼1.4 nm. From empirical experience, metallic CNTs usually ex-




































Figure 2.6: Rayleigh and Raman spectra of metallic CNT (16, 4).
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hibit broader line width with FWHM about 100 meV, and the intensity of
M−ii is always stronger than M
+
ii . Therefore, we incline to assign it as metal-
lic CNT of family 2n + m = 36 by checking out the Kataura plot data[9;
14]. To determine its chiral index explicitly, diameter information from Ra-
man spectroscopy is needed. As shown in Figure 2.6(b), firstly the the broad
LO mode in G-band confirms its chiral metallic nature as explained in previous
section. Furthermore, the RBM at 169 cm−1 indicates the diameter is about
1.45 nm, showing that the best match is CNT (16, 4).
Similarly, we can assign the semiconducting CNT (25,2) from spectra in
Figure 2.7. Rayleigh peaks at 1.92 and 2.05 eV and narrow line width suggest
that it belongs to semiconducting Type-II CNT (S44/S33 = 2.05/1.92 < 1.25).
In Raman spectrum, the strong peak of G-band at 1590 cm−1 indicates this is
the TO mode of a near zigzag CNT, not the LO mode of an armchair CNT
which should appear at about 1585 cm−1. Moreover, the diameter can be
calculated as 2.01 nm from RBM at 128 nm. Therefore, we assign it as CNT
(25, 2) referring to Kataura plot.
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Figure 2.7: Rayleigh and Raman spectra of near zigzag semiconducting CNT
(25, 2).
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Chapter 3
Synthesis of Carbon Nanotube
Over twenty years of study of carbon nanotubes, researchers have been ded-
icated in exploring their unique properties arose by quasi-one dimensional
structure. However, because of the large surface area, synthesized carbon
nanotubes tend to bundle together by the strong Van der Waals interaction,
which makes it difficult to unveil the intrinsic properties at single molecular
level. On the other hand, its nanometer scale structure makes it vulnerable to
oxidant and generate defect during the synthesis. Particularly, in my research
ultra clean and low defect level individual carbon nanotube is requested in
order to study the many-body interaction in 1D system and to explore its
intrinsic electrical property. Therefore, a controllable way to stably synthesize
high quality carbon nanotube has been studied.
I will introduce two types of growths in this chapter. One is for grow-
ing suspended CNTs over a wide open slit (20 ∼ 100µm) in the middle the
chip. This chip geometry is mainly for the optical characterization and the
following transfer procedure. The other is the growth of suspended CNTs
bridging pillars, which is mainly for a collaborating project on photolumines-
cence measurements[15].
18
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3.1 Growth of suspended CNTs over wide slit
3.1.1 Catalyst
In synthesis of single-walled carbon nanotubes, Co-Mo bi-metallic catalyst
has been found to yield high selectivity and narrow diameter distribution[16].
With the existence of Mo, the Co-Mo interaction inhibits the Co sintering
that typically occurs at the high temperatures required for the formation of
carbon nanotubes. When large Co particles are present less desirable forms of
carbon (MWCNT, fibers, and graphite) are produced. By contrast, when the
Co clusters are small enough (i.e. <2 nm) only SWNTs are formed. This is
the basic of so called CoMoCAT technique.
Silica supported Co-Mo catalysts were prepared by sol-gel method[17] which
has been extensively used in preparation of supportive metal catalyst due to
the higher surface area, narrower pore size distribution, higher support ther-
mal stability than impregnated catalysts, and higher resistant to metal parti-
cle sintering. Compared with impregnation method used in CoMoCAT, sol-gel
method can stabilize the bi-metallic active phases much more efficiently which
is essential in CNT growth.
3.1.2 Growth chip fabrication
Two types of SiO2/Si substrates were fabricated. One is made for transfer
purpose, which has a platform with a 50µm-wide and 1 mm-long open slit
etched in the center and covered with 300 nm thermal grown SiO2. The other
is for direct measurement of suspended CNTs, which has a 20-30µm-wide and
1 mm-long slit in the center covered by 800 nm thermal grown SiO2 to prevent
any gate leakage. And electrodes of tungsten/platinum were prepared on both
sides of slit later on.
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Figure 3.1: Schematic of growth chip with a 400 × 200µm raised platform in
the middle and an open slit in the center
3.1.3 Setup description and synthesis procedure
An ambient pressure chemical vapor deposition(CVD) system was built up for
growing flow-aligned carbon nanotubes using a modified fast-heating method[18;
19; 20].The CVD setup is comprised of three parts, gas supplies, reactor, and
pumping system.
Figure 3.2: CVD setup for CNT synthesis composed of three parts: gas sup-
plies(green box), reactor chamber(yellow box) and pumping system(red box).
The inset within the white box shows the growth chips on a Si substrate loaded
into the chamber.
In the setup Ar and H2 are the main gas supplies. The inert Ar is used to
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purge the system and keep it in a dry and clean environment. H2 is used to
reduce the catalyst metal oxide to metal nano-particle and protect the CNT
from any oxidation during the growth. Both Ar and H2 are carrier gases to
have the CNT floating to achieve flow aligned CNT growth. The third gas line
is to supply the carbon feedstock by flowing Ar through a ethanol bubbler.
All these three lines meet at the entrance of the reactor, flow in and exhaust
though a oil bubbler which can protect any back flow contamination.
The reactor is a 1 inch in diameter, 2 foot-long quartz tube heated up by
a clamshell furnace sitting on a sliding rail. A mechanical pump is connected
to the end of the tube at down stream.
After catalyst was applied on one side of the slit, the growth chip was
loaded into the reactor and baked at 400◦C in air for 30min. Porous silica
structure forms to hold metallic catalyst and later on maintain its nano-scale
size by avoiding the agglomeration at growth temperature. The chamber was
pumped down for 30 min to remove the residue gases efficiently and filled by
a flow of 200 sccm Ar to ambient pressure. Then 200 sccm H2 and 80 sccm
Ar through the ethanol bubbler were introduced and mixed with first Ar.
Meanwhile the furnace was moved to pre-heating position at down stream and
set to 1000◦C . When the temperature was stabilized, the furnace was slid to
the growth position quickly and set to 900◦C . Chip was heated up to 900◦C in
a short time while CNTs started to grow. Some catalyst particle was carried
up with laminar flow with beginning part of CNT laying on the substrate by
Van der Waals interaction, like a ‘kite’. Because of the continuing growth
from the catalyst floating in the flow, CNTs stretched out. After growing for
2 to5min at 900◦C , the ethanol supply was terminated and cooling procedure
started while keeping Ar and H2 flowing.
Typically CNT is about 200µm long and over the slit with the direction
of flow. Density is less than 1 tube per 100µm which is favorable for following
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Figure 3.3: SEM image of flow-aligned CNTs grown by fast-heating CVD
method
optical characterization and transfer procedure.
Statistical study of the growth yields characterized by Rayleigh scattering
spectroscopy shows that individual CNTs grown across the slit are 33 % (74
out of 225). The ratio of metallic to semiconducting CNTs is about 1.38:2,
a bit higher than theoretical predicted value 1:2. The average diameter is
1.93 nm.
3.2 Growth of suspended CNTs over pillars
Pillar pairs of 5µm and 2µm spacing were fabricated by plasma etching of
2µm into SiO2/Si substrate, and Co about 0.4 nm was deposited by e-beam
evaporation on top of the pillar as catalyst. Singlewalled carbon nanotubes
were grown at 900 ◦C for 5 min and 2 min by ambient CVD method using a
modified fast-heating process with Ethanol as feedstock as described in previ-
ous section.
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(a) (b)
Figure 3.4: SEM image of CNTs grown bridging pillars. (a) Pillars prepared
by wet etching in BOE. Some of these pillars fell off due to the under cut by
isotropic etching. Therefore we changed the recipe to dry etch as the result
shown in (b).
We have noticed that short growth time here is essential to obtain ultra-
clean CNTs. Firstly, it reduces amount of amorphous carbon depositing on
CNTs during the growth. Secondly, controlling the reaction of water and -
OH radicals with carbon can be a main factor to achieve the cleanness. As a
mild oxidant, water moderately etches amorphous carbon on CNT to make it
clean. On the other hand, water and OH radicals can knock off carbon atoms of
CNT and form local defects on it[21][22]. Shortening the growth time greatly
reduces the chance of having water etching CNTs but also avoiding the excess
amorphous carbon deposition.
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Chapter 4
Tunable Light and Carbon
Nanotube Interactions
4.1 Background and motivations
Quantum many-body correlation effects on photon-matter interactions have
long been a subject of central importance in condensed-matter physics. Un-
derstanding of these effects in quasi-1D systems, where their influence is gener-
ally far more pronounced than in bulk materials, has been a focus of particular
attention. In this context, single-walled carbon nanotubes (hereafter referred
to as nanotubes) provide the ultimate quasi-1D quantum wires. They have
diameters on the order of one nanometer and shells of single-atom thickness.
Photoexcited electrons and holes in semiconducting nanotubes form stable
two-particle excitonic bound states through their mutual Coulomb attraction,
with binding energies reaching hundreds of meV[23; 24]. Excitons in nan-
otubes are therefore highly stable even at room temperature, unlike the case
for conventional semiconductor quantum wires. Additionally, one can tune
the carrier density and Fermi energy in nanotubes widely by means of electro-
static gating[25; 26; 27; 28]. Nanotubes thus offer a unique platform for the
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fundamental studies of the many-body interactions and their impact on the
optical spectra of photoexcited quasi-1D systems. Knowledge of the underly-
ing optical response of nanotubes under carrier doping is also of great impor-
tance for the development of electrically tunable optoelectronic devices[29; 30;
31] that operate at room temperature and on the nanometer length scale.
Here we demonstrate the direct characterization of the optical transitions as
a function of carrier density using a spectroscopic technique capable of access-
ing nanotubes at the single nanotube level. This approach provides optimal
conditions for the identification of many-body effects on the optical transi-
tion and for detailed examination of the underlying electron-electron, electron-
hole, exciton-electron (hole), and exciton-photon interactions. Our measure-
ments rely on broadband elastic (Rayleigh) light scattering spectroscopy[32;
33] from individual, suspended carbon nanotubes.1
4.2 Device fabrication and characterization
The ndividual single-walled carbon nanotubes were prepared by ambient Chem-
ical Vapor Deposition (CVD) methods using a modified fast-heating pro-
cess(see Chapter 3 Synthesis of Carbon Nanotube). The nanotubes were grown
directly over open slits of 20-30µm width cut in SiO2/Si substrates. As shown
in Figure 4.1, the electrical contact to the nanotubes needed for gating experi-
ments was obtained using electrodes (1 nm of tungsten and 15 nm of platinum)
fabricated on both sides of the slit.
The initial characterization of an individual nanotube is obtained by col-
lecting both elastic (Rayleigh) and inelastic (Raman) scattering spectra. Broad-
band light generated by a super-continuum source(with integrated power of
about 0.4 mW over the wavelength range of 450-1100 nm, for Rayleigh spec-
1This work is done with Dr. Yuhei Miyauchi.
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Figure 4.1: Single nanotube device for elastic light scattering spectroscopy
under electrostatic gating conditions.
troscopy) or monochromatic light from a laser(with power of 0.37 mW, for Ra-
man spectroscopy) was focused at the center of an individual suspended nan-
otube with spot size of 2-3µm and polarization along the nanotube axis. The
scattered light was collected by a spectrometer through a confocal arrangement[32].
Representative spectra are shown in Figs. 4.2. Over the available Rayleigh
spectral range, two distinct peaks at 1.9 and 2.1 eV were observed, which cor-
respond, respectively, to the third and fourth subband exciton resonances (S33
and S44) of a semiconducting nanotube belonging to the family with chiral
indices (n,m) satisfying n − m ≡ 2 (mod 3)[32; 34; 14]. And radial breath-
ing mode (at 125 cm-1) in Raman spectrum indicates its diameter about 2.0-
2.1 nm. The possible assignment of this nanotube structure is zigzag (26, 0),
26
CHAPTER 4. TUNABLE LIGHT AND CARBON NANOTUBE INTERACTIONS
or possibly its neighboring species such as (25, 2). The narrow G-mode (at
1592 cm-1) in the Raman spectrum indicating a dominant contribution from
zone center longitudinal optical phonon is also consistent with the assignment
to near zigzag semiconducting species. Unwanted nanotubes were removed by
intense laser irradiation to yield a clean experimental geometry for the gating
measurements.
Figure 4.2: Rayleigh and Raman spectra of CNT(26, 0) in the experiment
4.3 Experiment and result
4.3.1 Rayleigh spectra under electrostatic gating
The experimental configuration allows for measurement of scattering spectra
under conditions of variable electrostatic gating, which provides precise control
of the injected charge density.(See Figure 4.1 for a schematic representation
of the measurement.) The gate bias was applied to the silicon substrate to
induce electron or hole population in the low-lying bands of a semiconducting
nanotube, with a corresponding shift in the Fermi energy. All measurements
were conducted under a nitrogen gas environment to prevent any possible
modification from ambient air, for example through H2O and O2 adsorption.
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(a) Under negative gate bias (b) Under positive gate bias
Figure 4.3: Rayleigh spectra for the observed semiconducting nanotube (26,
0) for gating voltages from (a) VG = 0V to −25V and from (b)VG = 0V to
25V
Under the application of a gate bias voltage VG to inject charge (both
electrons and holes) into the (26, 0) suspended nanotube, we observed clear
shifts in the peak positions of the S33 and S44 transitions, as well as broaden-
ing of the features with increasing |VG| (Fig. 4.3). The spectra are analyzed
by a fitting procedure using an excitonic description of the nanotube optical
response. For Rayleigh scattering of a one-dimensional system, the measured
scattering cross-section γ = ω3|χ(ω)|2, where ω is the optical frequency and
χ(ω) is the nanotube optical susceptibility. We model the nanotube excitonic
response by a Lorentzian line shape of the form χ = χb + f [(ω0 − ω)− iΓ/2].
Here χb is the frequency-independent background susceptibility arising from
the non-resonant transitions, f is a parameter proportional to the oscillator
strength, ω0 is resonance frequency, and Γ is the line width. This fitting pro-
cedure has been successfully applied to for higher-order Rayleigh scattering
peaks of metallic and semiconducting nanotubes[33]. This model procedure
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generates an excellent fit to the experimental scattering spectra (Fig. 4.4).
Figure 4.4: Rayleigh spectra of nanotube (26, 0) at VG = 0V (black solid
circles) and VG = −25V (red solid circles) and fittings based on excitonic
model(green curves)
4.3.2 Evaluation of the gate efficiency
The gate efficiency of this device determines the relationship between the ap-
plied voltage and the physically important induced charge density. Because of
the complexity of the geometry of the device, there is no direct way to calcu-
late the geometric capacitance. Therefore, an alternative way to evaluate this
quantity is adopted by using Raman scattering spectroscopy of a chiral metal-
lic nanotube suspended over the same slit as the semiconducting nanotube in
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measurement.
(a) (b)
Figure 4.5: (a)Raman G− mode spectra of a metallic nanotube (18, 3) for
gate voltages of VG = 0V (black curve) and VG = −25V (red curve).The inset
displays the measured width of this mode (red circles) as a function of the gate
voltage VG. The green curve is a fit to eq. 4.1 for the variation with charge
density.(b)Schematic of subband filling
The line width of the G− Raman mode of chiral metallic carbon nanotubes
is known to change systematically as a function of the charge density because
of the dependence of the phonon lifetime[11][35] on the position of the Fermi
energy EF . Figure 4.5 displays the pronounced change in the G
− Raman spec-
tra for the different electrostatic gating conditions. The broad background in
the spectrum at 0 V arises from electronic Raman scattering[36] and has been
subtracted out for the line-width analysis. The inset in Fig. 4.5 displays the
measured gate dependence of the line width of the G− mode (red circles). We
fit these data considering the gate-variable electron-phonon coupling, which
can be approximated as
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Γ(EF ) = Γ0 + Γe−ph[f(T,EF ,−Eph/2)− f(T,EF , Eph/2)] (4.1)
Here Γ0 and Γe−ph are constants, Eph is the energy of the G
− phonon, and
f(T,EF , E) is the Fermi distribution function at temperature T , where we
have neglected the effect of the finite temperature on the chemical potential
µ and have set µ = EF . In the fit, we assume that the Fermi energy EF
in the metallic nanotube is directly proportional to the gate voltage VG. In
filling the linearly dispersing metallic band, this assumption is equivalent to
that of a direct proportionality between VG and the induced charge density in
the nanotube, i.e., as expected for a constant gate capacitance. From the fit
above and the relation ρ = 4EF/π~vF for charge density in a metallic band
with Fermi velocity vF ≈ 106m/s, we obtain an effective gate capacitance of
CG = 0.018e/V · nm. Given the range of applied voltages and the shift in the
Fermi level, we are justified in neglecting the effect of quantum capacitance
[27] and consider CG to reflect just the geometrical capacitance. We apply this
same value for the (26, 0) semiconducting nanotube. The metallic nanotube
under study has been assigned as a (18, 3) species. The difference in diameter
between this nanotube and the (26, 0) species is only expected to give rise
to a difference in geometrical capacitance of ∼ 3% with an assumption of its
logarithmic dependence on the nanotube diameter.
For clarity, we discuss the results for negative gate bias voltages |VG|, corre-
sponding to hole doping; the results for electron doping are similar. We stress
that the S33 and S44 bands are not directly filled by the injected electrons or
holes within the observed range of |VG| from section. The injected carriers
reside only within the lowest energy bands (Fig. 4.5). We note that for the
relevant range of gate bias voltages, the injected carriers reside only within
the lowest energy band. Thus, simple Pauli blocking effects only influence
the S11 transition. By observing the higher-order S33 and S44 transitions, we
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directly probe the modification of the many-body interactions induced by the
free-carrier density.
4.3.3 Evaluation of the effects of strain and electric fields
In the electrostatic gating of a suspended nanotube, the injection of charge
leads to electrostatic forces and the generation of axial strain along the nan-
otube which would cause the peak shift in Rayleigh spectra[37]. In order
to analyze the effect of strain on the observed peak shifts in the nanotube
electronic spectra, the shift of the Raman 2D (or G’) mode was measured si-
multaneously with the Rayleigh measurements. Figure 4.6 shows the Raman
2D mode spectra of the (26, 0) nanotube for various negative gating voltages
VG. (Similar changes were observed for positive gate voltages.) The shift of
the Raman 2D mode frequency is indicative of applied axial strain[38][39]. Ac-
cording to an earlier study[39], a linear shift with axial strain of ∼ 40 cm−1/%
can be expected for semiconducting carbon nanotubes. Since the maximum
value of the observed 2D mode shift is about -30 cm−1, the induced strain is
inferred to be less than 0.8% at |VG| = −20V . With this amount of strain,
theory[37] predicts a shift of S33 transition energy of about -30 meV, while the
observed S33 red-shift is about -70 meV at |VG| = −20V . Thus, while the effect
of strain is not dominant for our spectra, it cannot be neglected.
Here we discuss how we can essentially limit the effect of strain from our
measurements to examine only the role of many-body corrections. Here we
denote the strain-induced peak shift of Sii transition as ∆E
S(st)
ii and purely
electronic (peak shift from modification of the many-body interactions) con-
tribution as ∆E
S(el)
ii . The total peak shift is the sum of the strain and electronic




ii . According to an earlier study[37],
the strain-induced peak shift for the S33 and S44 satisfies ∆E
S(st)
33 = −∆ES(st)44
to a high degree of accuracy. Thus, the average peak shift of the two tran-
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Figure 4.6: Spectra of the Raman 2D mode of the near zigzag nanotube for
different negative gating voltages VG.
sitions ∆Eav can be taken as reflecting only the influence of the electronic










Another possible influence on our experimental measurement is the direct
contribution of the applied electric field on the excitonic transition energies,
i.e., the potential role of the DC Stark effect in the nanotube. For geometries in
which no charging of the nanotube is expected, prior theoretical study[40] has
predicted that the Stark shift on the order of 200 meV for a transverse electric
field of 6.7 MV/cm for a zigzag nanotube with a similar diameter to our (26,
0) nanotube. In our case, we estimate the effective transverse applied field on
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the order of 0.01 MV/cm, implying a Stark effect of at most 0.3 meV, far less
than our observed spectral shifts. In addition, prior experimental study[41]
has reported absence of detectable spectral shifts for transverse electric fields
up to 0.2 MV/cm. On this basis, we can ignore the role of the DC Stark effect
in our system.
4.3.4 Interpretations of Rayleigh spectra after correc-
tions
In order to focus on modifications of the electronic many-body interactions
under the gating conditions, the average value of the shifts of S33 and S44 peaks
Eav as a function of the injected carrier density ρ is plotted in Fig. 4.7(a).The
observed red shift of the exciton energy of the semiconducting nanotube with
charge density ρ is reproduced using a power-law function of the form ∆Eav =
Aρα (dotted line in Fig. 4.7(a)), with an exponent of α = 0.6 and coefficient
of A = 106meV · nm0.6.
In order to understand the origin of the observed peak shifts, a theoretical
study of excitons within the k · p approximation was conducted[42][43]. The
dependence of the S33 and S44 exciton energy Eex on carrier density is pre-
dicted by solving the Bethe-Salpeter (BS) equation. In the k ·p treatment, the
intravalley Coulomb interactions near the K (K’) valley of the graphene Bril-
louin zone is considered. We calculate the screened Coulomb interaction that
depends on the carrier density and the relevant length scale of the interactions
within the static random phase approximation. Figure 4.7(b) displays the cal-
culated S33 and S44 exciton energy shifts ∆E33 (red dot-dashed curve), ∆E44
(red doted curve) and their average (red solid curve) as a function of injected
carrier (hole) density. The experimental data ∆Eav are plotted together for
comparison (blue circles). The trend of the experimental energy shift is well
reproduced for typical parameters.
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(a) (b)
Figure 4.7: (a) Dependence of the exciton resonance energy shifts of the semi-
conducting nanotube on the carrier (hole) density. Here plots the average
peak shifts of S33 and S44 transitions to eliminate possible effects of strain.
The dotted curve indicates a power-law function: ∆Eav = Aρα, with parame-
ters α = 0.6 and coefficient of A = 106meV ·nm0.6. (b) Calculated S33 and S44
shifts of the exciton transition energies ∆E33 and ∆E44 (red dot-dashed and
doted curves) and their average (red solid curve) for a (26, 0) nanotube as a
function of carrier density .The calculated changes in Eb and Σ (∆Eb and ∆Σ)
(blue and green curves, averaged for S33 and S44 excitons, and the experimen-
tal data ∆Eav shown in (a) (blue circles) are plotted together for comparison.
At ρ = 0.4e/nm, Eb and Σ for S33 are reduced to be 21% (50 meV) and 51%
(349 meV) of their original values for the undoped nanotube,respectively.
The calculation provides a clear perspective on the physical origin of the
shift in exciton energy induced by free carriers. As shown in Fig. 4.8 , the
exciton transition energy Eex is determined by
Eex = Esp + Σ− Eb (4.3)
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Figure 4.8: Schematic diagram of the physical mechanisms for the red shift in
the transition energy with doping. The exciton energy Eex (red horizontal line)
decreases with increasing doping according to ∆Em−b = ∆(ΣEb), as discussed
in the text.
where Esp is a single particle gap between the relevant subbands, Σ is the
self-energy correction for the quasi particle band gap from electron exchange
correlations, and Eb is the exciton binding energy from the attractive electron-
hole interactions. (Here we consider Σ and Eb to be positive quantities.)
Therefore, the net many-body correction energy Em−b to the single particle
gap is Em−b = Σ−Eb, and the exciton energy shift due to modified many-body
interactions originates from ∆Em−b(= ∆(Σ− Eb)), as shown in Fig. 4.8.
The calculated changes in Eb and Σ (∆Eb and ∆Σ, averaged for S33 and
S44) are plotted in Fig. 4.7(b) to show separately the contributions of each
component to the net exciton energy shift ∆Em−b. We found that Eb and Σ
cancel out to a significant degree, but that |∆Σ| is always larger than |∆Eb|.
Thus a red shift of the exciton energy Eex is always predicted (Em−b < 0), in
accordance with experiment.
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The key to understanding the mechanism of the net red shift lies in the
dependence of the Coulomb interaction on the length scale. The value of Σ
in Eq. 4.3 consists of the contributions both from long-range 1D Coulomb
interactions Σl(occurring on a length scale greater than the nanotube circum-
ference) and from 2D-like short-range interactions Σs(occurring on a length
scale less than the circumference). Given the spatial extent of the exciton,
the exciton binding energy Eb, on the other hand, is dominated by long-range
1D Coulomb interactions[44][14]. The changes in Σl and Eb relevant to the
1D Coulomb interactions are large, but cancel one another to a high degree of
accuracy, whether in the neutral or doped system. Therefore, the shift in the
exciton energy ∆Em−b is almost completely dominated by the change in Σs,
namely, ∆Em−b ≈ ∆Σs.
Let us therefore consider how Σs is reduced with doping using our experi-
mental observations. The exciton transition energies in the near zigzag semi-
conducting nanotube show a red shift of about 60 meV or 3% of the transition
energy at a charge density of ρ = 0.4e/nm. Our calculation of the excitons in
a (26, 0) nanotube suggests that Em−b (≈ Σs) accounts for about 20% of the
net transition energy in the undoped nanotube. Thus, the 3% red shift of the
exciton energy corresponds to ∼ 15% decrease in Σs, i.e., the short-range in-
teraction strength is reduced to 85% of its intrinsic strength for ρ = 0.4e/nm.
This tunability of the short-range interaction strength under the wide range
of free carrier density, together with the nearly perfect cancellation of Σl and
Eb by 1D long-range interactions, makes fine control of the higher sub-band
exciton resonance energy possible without relying on the Pauli-blocking effect
in carbon nanotubes.
We now consider another important experimental observation, namely, the
change in the line width of the excitonic transitions with doping. Figure 4.9(a)
shows the carrier density dependence of the line width of the S33 and S44 tran-
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(a) (b)
Figure 4.9: (a) Dependence of the S33 and S44 exciton resonance line widths
of the semiconducting nanotube on carrier density. The dotted lines are fits
of the function Γii(ρ) = Γii0 + βiiρ to the line widths for the Sii exciton,
with β33 = 145meV · nm and β44 = 114meV · nm respectively. The right
axis indicates the dephasing time of excitons corresponding to the line width.
(b)Calculated decay rates (red and green solid lines for S33 and S44, respec-
tively) of a photoexcited electron-hole pair in a (26, 0) nanotube due to the
free carrier doping. The same Coulomb parameters (γ0 = 2.7eV and κ = 2.5)
are used as for calculation of the shifts in exciton transition energies shown
in Fig. 4.7(b). The calculated data is plotted together with the experimental
data (opaque symbols) shown in a with 65 meV offset between the left (for
calculated results) and right (for experimental data) vertical axes to account
for decay channels of the undoped nanotube.
sitions in the (26, 0) nanotube. We found that the line widths significantly
increase with carrier density ρ. The line width of an excitonic transition re-
flects the rate of dephasing of the exciton coherence, and the inferred exciton
dephasing times with doping are shown on the right axis of Fig. 4.9(a). The
observed line width change exhibit a nearly linear increase with increasing
ρ, except for the step-like increase of about 10 meV at low ρ. For densities
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ρ > 0.05e/nm, the experimental line width Γ(ρ) can be fit with a linear func-
tion of carrier density as Γii(ρ) = Γii0 + βiiρ, where Γii0 and βii are constants.
The coefficients β33 = 145meV · nm and β44 = 114meV · nm characterize the
additional contribution of doping to the dephasing of the S33 and S44 excitons.
Figure 4.10: Schematic representation of the possible electron (hole) scattering
pathways (pairs of arrows with the same colors) contributing to the observed
increase in line width. Only the case for an electron-doped nanotube is shown.
(The same scattering rate is obtained for both electron- and hole-doped nan-
otubes because of the electron-hole symmetry in our theoretical treatment.)
For S33 and S44, only the pathways where a photoexcited electron and a hole
in K (K’) valley are involved are shown. The opposite pathways through the
K’ (K) valley are not shown, but are taken into account in the calculation.
Our theoretical treatment for the peak shift within the treatment of the
BS equation also predicts the exciton line width as the imaginary part of the
complex exciton energy. We found, however, that the additional line width
is nearly constant for finite carrier densities of ρ > 0.05e/nm, and the linear
increase of the line width is not reproduced. To address this discrepancy with
theory, we explored possible contributions of the intervalley (K-K’) interac-
tions to the line width that were omitted within the treatment of the k · p
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approximation. We find that there are available scattering pathways for a
photoexcited electron (hole) in an electron (hole) doped nanotube that satisfy
energy-momentum conservation for the intervalley scattering. We treat these
process within second-order perturbation theory, considering possible decay
channels as shown in Fig. 4.10. Fig. 4.9(b) shows the calculated line width
broadening (the sum of decay rate of photoexcited electron and hole Γe + Γh)
as a function of carrier density ρ, plotted together with the same experimental
data shown in Fig. 4.9(a). In good agreement with experiment, we predict
nearly linear increase of the line width of S33 and S44 transitions. The calcula-
tion also show that the number of decay channels for photoexcited holes in the
S44 band is smaller than that for S33. This explains the counter-intuitive ex-
perimental result of a slightly smaller doping-induced broadening of S44 width
than that of S33. We therefore attribute the nearly linear broadening of the
line width with doping to intervalley scattering processes involving the injected
charges.
Finally, we briefly comment on practical aspects of our findings. The ob-
served tunability of the exciton resonance frequency by one line width with
carrier doping on the order of only 0.5 e/nm could be useful for applications as
nano-sized, tunable photon detectors or modulators. Futhermore, such tun-
ability of the optical responses may offer a possibility to construct tunable
metamaterials by integration of individual nanotubes potentially useful for
future photonics technology. Our findings are also important for the inter-
pretation of various experimental results related to the optical resonance of
nanotubes. Especially, the results suggest that one needs to be careful for
the chirality assignment of unintentionally doped nanotubes on a substrate
using the optical resonance energies. The results therefore serve a foundation
for the application and interpretation of various optical phenomena in carbon
nanotubes under carrier doped conditions.
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Chapter 5
CNT Transfer Technique and
Device Fabrication
5.1 CNT transfer technique
The advantage in this study is to corporate the chirality assignment from
optical spectroscopy and merit of ‘put it wherever you want’ transfer printing
technique to realize the fundamental study of carbon nanotube on various
substrates at single molecular level. The basic idea of transfer is to stamp
the growth chip on a thin layer of PMMA (about 60 nm) spin-coated on the
target chip which would stick to and grab down the CNTs under heating. In
this study, a great amount of effort has been made on achieving high-accuracy
transfer in order to realize the successful manipulation of CNT onto a substrate
with limited size like an exfoliated h-BN flake(20µm by 20µm). So far the
error has been reduced to ± 5µm.
5.1.1 Transfer station
A transfer station for transferring carbon nanotube, graphene or h-boron ni-
tride (h-BN) on to various substrates was built up by remodeling a Sss Mi-
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croTec MJB3 Mask Aligner. It’s composed by optical system, moving stage
and heating system. The microscope equipped with 5x and 20x lenses, is
driven by a pneumatic system. The target substrate can be sucked down to
a vacuum chuck sitting on a stage with X-Y motion and rotating function, so
that the sample can be well aligned with the desired orientation. The leveling
system of the stage enables the sample and target substrate in smooth con-
tact, and minimizes the slipping effect, which greatly increases the accuracy of
transfer. The heating function of the stage provides it up to 300 ◦C ability to
heat up the adhesive layer of polymer (PMMA) to anchor the CNT or h-BN
down to the target substrate.
(a) (b)
Figure 5.1: (a) The transfer station rebuilt from a contact mask aligner. (b)
Schematic of the transfer printing method.
5.1.2 Transfer methods
Although to satisfy the the higher level of requirement for accuracy and clean-
ness, several modifications have been made, the general transfer technique is
standardized for all versions. Firstly, leveling the holder for attaching the
growth chip and the chuck for holding the target chip by using the leveling
system in transfer stage. Secondly, to align the invisible CNT to be transferred
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to the preferred position on target chip, one need to aim at the pre-determined
alignment marker on the target chip through the open slit on the growth chip,
and align one edge of open slit with it. From the Rayleigh scattering mea-
surement, each nanotube’s position with respective to the slit edge has been
read out and recorded. Therefore, it can be used to locate CNT even invisible
under microscope during the transfer. While bringing two chips closer, one
should always adjust the alignment simultaneously to avoid any misalignment
caused by the ambiguity from the optical system. Finally, at about 20µm
before having two chips into contact, the heater should be turned on and set
to 180 ◦C and let PMMA soften and deform thoroughly. This is critical to
high accuracy transfer since it effectively reduces the misalignment caused by
PMMA deformation if contact before heating. As temperature reaches and
stabilized at 180 ◦C , chips should be put into contact and kept for 5 min,
and then cooled down. When down to room temperature, two chips should
be pulled apart. To ensure the success, there is one thing necessary before
transfer. One is to fabricate a raised platform to have CNT grown on, which
reduces the contact area and thus effectively reduces the possibility of having
a bad contact caused by particles between two chips.
Next step is to remove PMMA by annealing the target chip in a flow of
35 sccm H2(5%)/Ar at 345
◦C for 7 hours. SEM images (Fig. 5.2) showed that
more than 90% of CNTs were transferred and able to be identified by its
relative position on growth chip. Using this method, multiple known chirality
CNTs can be transferred and made into devices at one time. It would be ideal
for comparison experiments between CNTs with different chiralities under the
same conditions, e.g. the dosing experiment with Cs to observe the scattering
mechanism.
Because the annealing procedure sometimes can not remove the PMMA
under the CNT completely, an advanced method was developed. On the tar-
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Figure 5.2: (a) and (b) are SEM images of transferred CNTs on SiO2 surface
from the same growth chip and identified from their positions obtained when
doing Rayleigh scattering. (c) and (d) are the Rayleigh spectra of a semicon-
ducting CNT-T4 and a metallic CNT-T5 shown in (a) assigned as (20,7) and
(15,3) respectively.
get chip, we use E-beam to write and develop a window smaller than slit width
in the transfer area on PMMA. When contacting to the target chip, the sus-
pended part of CNT, usually a bit sagging due to the gravity, touches the
exposed SiO2 substrate inside the window and get anchored there by Van der
Waals force, meanwhile its two ends on substrate are grabbed down by PMMA.
Afterward, the chip is soaked in acetone to remove PMMA. This method allows
direct transfer of CNT onto a substrate without PMMA residue left in between,
therefore it’s a much cleaner procedure and suitable for transfer CNT onto h-
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BN. One should notice several steps particularly necessary for this transfer
method. One is that the thickness of PMMA must be thin enough (< 100 nm)
so that the suspended CNT is able to touch SiO2 inside window. The other
step is when transferring CNT onto a h-BN surface, it needs to clean off all
the surrounding h-BN flakes or particles generated when exfoliatto avoid any
obstacle
5.1.3 Electrostatic force microscopy
To determine if the transfer is successful, we need to find a noninvasive tool
to characterize such as non-contact AFM. But it’s usually difficult to obtain
a sharp AFM image of CNT because of its size of nanometer in diameter ap-
proaching the resolution of AFM. Electrostatic force microscopy(EFM) turns
out to be a very useful tool to distinguish a CNT on the substrate.
Electrostatic Force Microscopy(EFM) maps surface potential and charge
distribution on a sample surface by measuring the electrostatic force between
the surface and a biased AFM cantilever as shown in Fig. 5.3a. The cantilever
deflects when it scans over static charges.
When tip scans over the surface, besides electrostatic force, Van der Waals
force is another main source contributing to the total force. So a question
comes: how to separate them to get pure signal of electrostatic force? In fact,
they have different dominant regimes. Van der Waals force is proportional to
1
r6
, while electrostatic force is proportional to 1
r2
. Thus, when tip is close to
the sample, Van der Waals force is dominant. As the tip is moved away from
the sample, the Van der Waals force rapidly decreases and the electrostatic
force becomes dominant.
Based on this fact, a conventional EFM is called two pass technique (Fig. 5.3b).
The first scan is performed to obtain the topography by scanning the tip near
the surface in the region where the Van der Waals force is dominant. In the
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(a) EFM maps locally charged do-
mains on the sample surface.
(b) The schematics of force range
technique and two pass technique.
Figure 5.3: Schematics of basics of EFM technique. Image is from
www.parkafm.com.
second scan, system lifts the tip and increased the tip-sample distance in order
to place the tip in the region where electrostatic force dominant. The tip is
biased and scans without feedback, parallel to the topography line obtained
from the first scan. Thus, the only source of the signal change will be the
change from electrostatic force. This method has its own limit. It takes twice
of time to scan and still can’t avoid cross-talk between topography and EFM
signal.
Therefore we use so called enhanced EFM in this study. This method
applies AC signal in addition to the DC bias to the tip. The voltage between
tip and sample can be expressed as Eq. 5.1, where VDC is DC bias, VS is the
surface potential of sample, VAC is the AC signal with frequency ω. Eq. 5.2
assumes the electrostatic force in the case of parallel plates, which can be used
as a good approximation for the tip-surface case.
V (t) = VDC − VS + VACsin(ωt) (5.1)
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Plugging V (t) into Eq. 5.2, as expressed in Eq. 5.3, the electrostatic force F (t)
can be arranged and written into three parts: DC signal(Eq. 5.3a), AC signal








[(VDC − VS)2 +
1
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The beauty of this equation is that you can find the AC signal contains infor-
mation of surface potential VS. By putting the signal into a lock-in amplifier,
AC signal parts can be separately read out. Therefore, only with one scan to-
pography and EFM signal can be obtained, and signal to noise ratio is greatly
increased. Fig. 5.4 shows a CNT as transferred to a target substrate. It shows
very sharp image of the CNT on different surfaces, especially, on the soft
PMMA which is very difficult to see by using AFM.
5.2 Device fabrication
5.2.1 Fabrication of CNT on h-BN with global back
gate
To fabricate CNT on h-BN sample, we have to first exfoliate thin layer of h-
BN using scotch tape method on SiO2/Si substrate[45]. Once a flat and thin
flake is found in microscope and confirmed by AFM, CNT can be transferred
to it by using the advanced ‘window’ transfer method described in section 5.1.
There are two tips needed to emphasize here to ensure the success. The first
one is before spin-coating PMMA, one need to clean off all the BN flacks and
particles around the target BN piece in order to avoid anything blocking the
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Figure 5.4: A nanotube transferred onto target chip, one end is stick to PMMA,
suspended part falls into SiO2 window region. With enhanced EFM, one scan
gives both topography(a) and EFM(b) images.
contact of CNT and BN. The second one is when opening the window on BN
piece, one need to make sure that SiO2 must be in
1
3
of the window. The Van
der Waals interaction between CNT and BN is not as strong as between CNT
and SiO2. Therefore, in order to anchor the CNT to target chip, a necessary
amount of SiO2 must be exposed in the window to exert enough attraction to
CNT.
After transfer, pairs of electrodes with various channel lengths were fabri-
cated using E-beam lithography. In order to have good lift-off result, bi-layer
PMMA (PMMA 495 A4 (∼ 200 nm) as bottom layer and PMMA 950 A2 (∼
50 nm) as top layer) was used. 1 nm of Cr as adhesive layer, followed by 15 nm
of Pd and 50 nm of Au are evaporated. Pd has close working function to
carbon nanotube so that the contact resistance can be reduced. After ebeam
writing, the sample was developed for 90 sec in a 4 ◦C mixture of IPA and DI
water with ratio of 3:1, which is called ‘cold development’[46] , and directly
blow-dried by N2.
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Figure 5.5: EFM and optical images of two CNT on h-BN devices. EFM
images show CNTs were transferred partially onto h-BN surface and partially
onto SiO2.
:
5.2.2 Fabrication of CNT on h-BN with graphite back
gate
A few nanometer thick h-BN flake is a perfect dielectric material for making
high efficient FET device. We’ve tried to use metal as local gate and transfer
h-BN on top as the substrate for CNT-FET device. It failed because the thin
layer of metal gate deposited by E-beam gives rough surface, especially the
thermal deformation during annealing in the following makes the h-BN laying
on top bumpy. Moreover, most of the time the metal gate was found damaged
in annealing physically and chemically.
Since the wet transfer technique developed by Dean et al.[45] enables the
stacking of multi-layer of 2-D materials, we considered using thin layer of
graphite as a back gate. Because the exfoliated graphite is electronically con-
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ductive, and its lattice size well matches h-BN which makes a strong bond
at the interface so that they can form a good contact and survive through







Figure 5.6: Schematics of wet transfer procedure adopted from [45] to prepare
h-BN substrate on thin layer of graphite back gate.
As illustrated in Figure 5.6, we start with exfoliating thin layer of graphite
with Scotch tape method. h-BN flake was exfoliated separately on a polymer
stack consisting of water-soluble PVA and PMMA spin-coated on a silicon
chip, and the thickness of PMMA was tuned to recognizance the thickness of
h-BN optically. The silicon chip was floating on the surface of deionized water
bath. When PVA dissolved in water, the silicon chip sank to the bottom of
the bath and PMMA layer was floating on top. The PMMA membrane was
scooped up on a glass slide with a hole aiming the target h-BN flake in the
suspended area. The glass slide was fixed to a manipulator on a microscope to
align the h-BN to graphite properly. The two were brought to contact while
heating up the target to 110 ◦C to drive away the water adsorbent. After
transfer, the PMMA was dissolved in acetone. The substrate chip was ready
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Figure 5.7: Left shows the AFM image of the stacking structure and a CNT
as transferred on top. Right shows the optical image of a completion of the
CNT-BN-G device.
To transfer a CNT on to this stack, we basically follow the procedure de-
scribed in the previous section. When aligning CNT to the transfer window,
the orientation should be taken into account in order not to touch the under-
neath graphite gate otherwise they would short. As shown in Figure 5.7, the
AFM image was scanned as CNT transferred onto the stack. Once it’s trans-
ferred, electrodes were fabricated with Cr(0.8 nm) Pd(15 nm) and Au(50 nm).
In the end, the whole device was annealed in H2/Ar flow at 340
◦C for 4 hours
to remove the PMMA residue.
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Chapter 6
Electrical Transport of Known
Chirality Carbon Nanotubes on
Hexagonal-Boron Nitride
Substrate
6.1 Introduction of electrical transport in CNTs
Single walled carbon nanotube is a perfect system to study 1-D electronic
transport. In mesoscopic system we consider three characteristic lengths:(1)the
mean free path Lm, which is the average length that a electron travels before
it’s scattered by a scattering center; (2)the Fermi wavelength λF = 2π/kF ,
which is the de Broglie wavelength for electrons at Fermi energy; (3)the phase-
relaxation length Lϕ over which electron retains its coherence as a wave.
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6.1.1 Ballistic transport (L << Lm, Lϕ)
In the case that channel length is much smaller than mean free path, in another
word, electron travels through the lattice without any scattering, we call it
ballistic transport. We can use a simple model to derive expression for the total
current. Considering a wire with length L between two electrodes 1 and 2, only
electrons with momentum k > 0 and energy µ1 < E < µ2 contribute to the
total current. Because of the quantization along circumference direction, there
are several subbands Ej(k) which have the same k value called channels. The
number of channels is a function of energy denoted as M(E). Each electron
carries a microscopic current ik = e/tt in which tt is the carrier transit time





























where the sum on k is converted into the integral with a spin degeneracy of 2
and the inverse of the level spacing L/2π, and f(E−µi) is Fermi distribution at
chemical potential of electrode i(i = 1, 2). When we assume the total number
of channel M(E) is constant M over µ1 < E < µ2, we obtain the equation 6.1.
Noting that V = µ1−µ2
e







where Rc is called contact resistance and R0 =
h
2e2
is called quantum resis-
tance. It worth to notice that this is a finite number which is contrary to
the expectation from Ohom’s law which suggests zero resistance when channel
lenght approaches zero.
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The inverse of Rc is contact conductance Gc associated with quantum con-
ductance G0




For nanotube subband degeneracy gives channel number M = 2, therefore








6.1.2 Diffusive transport(Lm, Lϕ << L)
When channel length is much greater than mean free path, electron transport






where T is transmission possibility for a channel. In diffusive regime, electrons
undergo many scattering events, and T is less than 1.
The additional resistive contributions from contact or tube add incoher-
ently which can be written as
R = Rtube +Rc +Rnc (6.6)
where Rc = h/4e
2 is the contact resistance at theoretical bound, Rnc is non-
transparent contact resistance. For a long tube with uniform diffusive scatter-







where L is the tube length, and Lm is the electron mean free path.
6.1.3 Schottky barriers
There are two types of barriers at the metal-CNT interface causing the increase
of contact resistance beyond the ideal h/e2 value. One is due to the bad wetting
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of metal or dirty interface. Au and Pd have been hown to make the best contact
with CNTs, with near-perfect transmission frequently obtained[47]. The other
one is Schottky barrier which would form at the interface of semiconducting
CNT and metal. If the metal Fermi level lies in the gap of the CNT, it forms
Schottky barrier for both p and n carrier injection, whereas if it aligns with the
valence band, there would be no barrier to hole injection but a large barrier
for electron injection, vice versa. If the Schottky barrier is small, carriers can
inject by both tunneling and thermionically. With large Schottky barrier, it
can’t tunnel through but only undergo thermionic injection (see Figure 6.1).
By choosing the metal with different work-function, one can realize n- or p-type
contact: high work-function metals, such as Pd, make a good p-type contact,
whereas low work-function metals, such as Al, yield better n-type contacts[47;
48; 49]. Therefore, one always observe asymmetric am-bipolar behavior in










Figure 6.1: Schematics of two types of Schottky barriers at semiconducting
CNT and metal interface. (a) With high work-function metals, such as Pd
(ΦPd = 5.1eV ), it forms p-type contact. (b) With low work-function metals,
such as Al (ΦAl = 4.1eV ), it forms n-type contact.[50]
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6.1.4 Electron-phonon scattering
Among all kinds of scattering mechanisms, the electron-phonon scattering
plays an important role at finite temperature and high biases. It can be divided
into low and high energy regimes, corresponding to acoustic-photon scattering
and optical- or zone-boundary-phonon scattering.
(a) (c)(b)
Figure 6.2: Schematics of main phonon contributions to back-scattering
(acoustic, optical and zone-boundary modes)[51].
At small source-drain bias and moderate temperature, the mean free path
in clean tubes is set by acoustic-phonon scattering. Since the acoustic-phonon
velocity vs is much less than Fermi velocity vF , the scattering is elastic. A
straightforward calculation shows that when the Fermi level is in the linear
part of the electron dispersion relation, the scattering rate for a tube of linear













The linear temperature dependence comes from the thermal occupation of
phonon state (~ω0 << kBT ). The predicted T−1 behavior of the mean free
path is observed in the measurement by Purewal et al.[52]. In the acoustic
phonon-scattering, we consider the contribution from Γ phonons near Fermi en-
ergy with low energy and small momentum transfer as shown in Figure 6.2(a).
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Optical phonon with energy ~Ω ∼ 160meV >> kBT at 300 K is not ther-
mally populated. However, at high source-drain biases, the electrons can be
accelerated in the electric field ε to reach a threshold energy ~Ω and scatter
by emitting optical and zone-boundary phonons as shown in Figure 6.2(b)(c).
This process is very rapid and results in mean free paths measured to be in
the range of 10 nm, a hundred times shorter than the micron-scale mean free
paths at small biases[53][54]. As first described by Yao et al.[55], this scatter-
ing keeps any electron energy from exceeding ~Ω ∼ 160meV above the Fermi





) ∼ 25µA in all
but shortest nanotubes[53][54][55]. This scattering events becomes more effi-
cient in suspended CNT due to inefficient thermal conduction compared with
on substrate, leading to a negative differential resistance[56].
Recently, surface polar optical phonon (SPP) of the substrate is predicted
as comparable important as acoustic phonon scattering in low field transport in
theory[57]. These optical phonons have much lower energy than the nanotube
optical phonons. In SiO2, one optical phonon has energy ∼ 60meV , which has
non-negligible occupation at room temperature. Chandra et al. observed the
on-set of superlinear behavior of resistivity versus temperature occurs about
100 K, which is consistent with the theoretical prediction of SPP scattering[58].
6.1.5 Quantum dot
When device size decreases, there are two effects becoming significant:quantum
confinement and Coulomb effect. The quantum confinement gives rise to the
discrete energy levels. And Coulomb effect brings about the increase of charg-
ing energy Ec = 2e
2/C due to the decrease to capacitance. When the resistance
of the source-drain barrier become comparable to or lager than the quantum
resistance (R0 = h/e
2), the island that they separate become strongly iso-
lated(Figure 6.3(a)). If the temperature is lower than the charging energy
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kBT << Ec, the electron will enter it one by one through the discrete en-
ergy level, which is called ‘single electron transport’, and the island is called













Figure 6.3: (a) Schematic of an island contacted to source and drain electrodes
with tunnel junctions; the gate electrode shifts the electrostatic potential. (b)
Energy diagram of a quantum dot with single level. The chemical potential
of source and drain electrodes are µS and µD with the bias window |eV |. The
electrochemical potential µN is shifted by the gate inside the bias window so
that electron can hop on and off the dot continuously, and the total number
of the dot changes between N − 1 and N .
resistively and capacitively coupled to the dot, with the capacitance of source
drain and gate CS, CD and CG, and the total capacitance C = CS +CD +CG.
We will explore the single electron transport in the respective of energy
more in detail. To make the following discussion clear and consistent, several
terms related to energy need to be specified first.
Total energy U(N) is the energy for N electrons residing on the dot
including the work needed to put these N electrons to the system, and energy
cost involved in changing the external potential and the quantum energy of
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where Vext is the induced potential of source drain and gate.
Vext =
CSVS + CDVD + CGVG
C
(6.10)
Electrochemical potential µN is obtained from the difference between
the total energy U(N) for N electron state and U(N − 1) for N − 1 electron
state, which is used to determine if there is a current flowing through by
comparing with source drain electrode potentials.






− eVext + EN (6.11)
Charge addition energy Eadd
Eadd = µN − µN−1 =
e2
C












Figure 6.4: Schematic of ‘Coulomb oscillation’. The distance between conduc-
tion peaks in G− VG plot is EaddC/|e|CG, see text for details.
We first consider the situation of a small source-drain bias of µS ≈ µD = 0,
the electrochemical potential µN of the dot is dragged up and down by the
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gate. When µN enters the small bias window, electron can hop on and off
the dot resulting in a peak in the plot of conductance versus gate voltage
(Figure 6.4). When it’s dragged out of the bias window, the conductance is at
‘off’ state until next energy level enters the window. The conduction oscillates
between ‘on’ and ‘off’ states so that we call it ‘Coulomb oscillation’. The
distance between conduction peaks relates to the addition energy through the







We consider the other variable of source-drain bias with fixed gate voltage
as shown in Figure 6.5. With the increase of the bias, more energy levels are












Figure 6.5: Schematics for transport through multi-levels in the bias window
with increased source drain bias with fixed gate voltage.
If plotting the current (or conductance) as the function of source-drain bias
V and gate voltageVG, we will see diamond-like regions with fixed number of
electron residing on the dot as shown in Figure 6.6. Inside the diamond, the
current is suppressed which is called ‘Coulomb blockade’. In the shaded area,
there is available energy level for electron hopping on and off the dot. The
transition from blockade region to transport region is the situation that the
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Figure 6.6: Schematics of electrochemical potential aligned with (a) source
and (b) drain. The energy diagram on the right shows the case of point A(B)
in the drawing on the left. As a convention, drain is grounded. At point A
and B, source drain bias V > 0 results in µS < µD. By solving the equation
µN+1 = µS(µD), the slope of green(red) line is obtained where the alignments
occur.
electrochemical potential aligns with source(drain). Considering the case at
point ‘A’ in Figure 6.6(a): the electrochemical potential µN+1 lies inside the
bias window and aligns with source, current occurs. With slight increase of
gate voltage, µN+1 would be pulled down outside the bias window, so that it
enters Coulomb blockade region with N + 1 electrons residing on. We denote
the energy for point ‘M’ as −eVC . By solving the equation µN+1 = µS, one
will get a linear relation between V and VG−VC as indicated by the green line
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(VG − VC) =
CG
CG + CD
(VG − VC) (6.14)
where the slope is β = CG
CG+CD
. Similarly, we can develop the equation for the
case at point ‘B’ (electrochemical potential aligns with drain), and obtain the
slope as γ = −CG
CS
. In a particular case indicated by point C in Figure 6.7
where µN aligns with source and µN+1 aligns with drain, one can obtain a













Figure 6.7: Schematics of Coulomb diamond. The energy diagram on the right
shows the case of point C in the drawing on the left. Important information of
charge addition energy and capacitances can be extracted from the diamond
dimension as indicated in the drawing.
Finally here comes the question: what information can be obtained from
the Coulomb diamond? Directly from the dimension of the diamond we can
extract the charge addition energy Eadd and capacitances CS, CD, CG of source
drain and gate. Furthermore, using the total capacitance we can calculate the
charging energy EC , and extract the electronic level spacing ∆ from equa-
tion 6.12.
In the case of nanotube, high degree of symmetry leads to four fold de-
generate energy spectrum(two spin and two valley), named shell structure,
similarly to natural atoms. The electron in CNT is confined along the cir-
cumference direction, which yields clockwise and counter-clockwise motions
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corresponding to two valleys(K and K’) in Brillouin zone. Also the confine-
ment along the longitudinal direction generates the discrete particle-in-a-box
energy levels, whose spacing in linear dispersion regime is given by
∆ = ~vF∆k|| (6.15)
where ∆k|| = π/L in the quantized momentum in the longitudinal direction
with dot size L (Figure 6.8). At cryogenic temperature, the shell structure
has been observed experimentally in CNT quantum dot with transparent bar-
rier(open dot) where the charging energy EC becomes comparable to level
spacing ∆[60]. Four small peaks form a group with equal spacing of EC fol-
lowed by an energy separation EC + ∆ to the next group. In regular quantum
dot, electronic level spacing is unresolvable owing to the dominant charging
energy about 5 − 20meV/µm. Thus in the Coulomb blockade diagram, the





Figure 6.8: Electron quantization ∆k|| in longitudinal direction causes the
discrete states in CNT quantum dot. In linear dispersion regime, the energy
level spacing ∆ is roughly equal.
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6.2 Low field transport of CNT on h-BN with
global back gate
6.2.1 Low field transport of metallic CNT on h-BN
Conventional carbon nanotube field effect transistor is fabricated on SiO2 sub-
strate, which can not achieve ideally high performance due to the charge impu-
rities in SiO2 and scattering of electron by its surface polar phonon. Therefore,
an idea of developing a suitable substrate becomes important in the carbon
nanotube electronic applications. Recently, researchers at Columbia Univer-
sity have found that the exfoliated hexagonal boron nitride is a promising
alternative dielectric substrate for graphene as its natural atomically flat sur-
face has uniform charge distribution and it minimizes the scattering due to
the high energy surface phonon inefficiently coupled with electron. Employing
the same idea, known chirality carbon nanotubes were transferred onto h-BN
to investigate its electronic performance.
Here shows a multi-electrode FET device fabricated on a metallic CNT (19,
13) partially transferred on 15 nm h-BN flake and partially on SiO2 substrate.
Two probe measurements were carried out on each channel. The Si substrate
was used as a gate to tune the chemical potential of the sample by applying
a gate voltage(Vg). A small DC source-drain bias voltage (Vsd = 10mV ) was
applied between pairs of electrodes. Source drain current (Isd) was measured
when tuning Vg.
Figure 6.9 shows the transfer curves from the 1µm and 7µm segments on h-
BN and SiO2 substrates. A dip-like feature in conductance curve is a signature
for metallic CNT, which has been attributed to the curvature-induced energy
band gap Eg < 100meV [62]. At large gate voltage, EF lies well outside
gap region where the density of state and Fermi velocity are constant, thus
current saturates and only depend on source drain bias Vsd and channel length.
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Figure 6.9: Comparison of transfer curves of CNT (19, 13) on h-BN and SiO2
substrates with channel length (a)L = 1µm and (b)L = 7µm.




Clearly, the Isatsd of the segment on h-BN is about 1.3 times higher than the one
on SiO2 substrate for both 1µm and 7µm cases. And the charge neutral point
is much closer to Vg = 0V , indicating less doping from the h-BN substrate.
Transfer curves from segments on h-BN with different lengths were plotted
in Fig 6.10(a), showing similar behavior with a small ‘gap’ region. The p-side
saturation current scales with channel length. In diffusive regime, a simple
equation R = ρL + Rc is adopted to express the total resistance of CNT,
where ρ is the nanotube resistivity, L is channel length, and Rc is total contact




≈ 6.5kΩ is the quantum resistance of four-fold degeneracy,
and Rnc is non-transparent contact resistance due to invasive metal contact.
To extract the resistivity ρ, we plot the total resistance R of each segment as
a function of channel length L in Figure 6.10(b). A linear fitting is carried
out to data, and the slope gives ρ = 17.6kΩ/µm for CNT on h-BN and ρ =
26.1kΩ/µm for the one on SiO2. The reduction of resistivity about 8.5 kΩ
indicates less scattering happening in CNT on h-BN surface which might be
due to the cleanness of the substrate and weaker SPP-electron interaction.
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Figure 6.10: (a) Transfer curves plotted in log-log scale of metalic CNT (19,
13) with different channel lengths. (b) Resistance plotted as the function of
channel length from CNT (19, 13) on h-BN and SiO2 substrates. Resistivity
is extracted from linear fit of data considering the contact resistance is same
at each electrode.
Interestingly this amount of reduction matches the prediction in the model
of resistivity difference of CNT with and without SPP from SiO2 surface at
300 K [58].
Next we would explore the ‘small gap’ region more in detail. By normal-
izing with the highest conductance on p-side and shifting the charge neutral
point to zero, we compare the conduction curves of from the same length seg-
ments on h-BN and SiO2. As shown in Figure 6.11, conduction curves from
the device on two types of substrates exhibit good overlap in the gap region
for both cases of L = 1µm and L = 7µm. The size of the dip is described as
∆G
Gmax
≈ 67%, on contrary to the claim in the paper by Amer et al.[63] that
they’ve observed the reduction of metallic nanotube gap size on SiO2 substrate
( ∆G
Gmax
≈ 11%) compared with the suspended CNT case( ∆G
Gmax
≈ 84%). There-
fore, we consider the ‘small gap’ in metallic nanotube is intrinsic which doesn’t
depend on the substrate.
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Figure 6.11: Conductance normalized by the maximum conductance on p-side
of CNT (19, 13) on h-BN and SiO2 substrates in the case of (a)L = 1µm and
(b)L = 7µm.
6.2.2 Temperature dependent measurement of semicon-
ducting CNT on h-BN
As mentioned previously, in phonon-electron interactions, acoustic-phonon
scattering dominates at small source-drain bias and moderate temperature
which gives rise to the a linear relation of resistance and temperature T. How-
ever, most of the CNT devices are incorporated on substrate like SiO2 in
which in addition, the scattering from surface polar phonon plays an impor-
tant role[58]. It’s observed that the onset of superlinear behavior in ρ(T ) is
at 100 K in SiO2 based sample which is in close agreement with theory about
SPP scattering mechanism that only depends on SPP energy. Furthermore,
the increased room temperature mean free path was observed by changing the
substrate to AlN, a dielectric material with higher SPP energy. We would
thus like to investigate the scattering mechanism in h-BN based device. As
we know h-BN has SPP twice as SiO2, we predict a superlinear behavior will
occur at much higher temperature than 100 K.
Figure 6.12 shows the transfer curves of segments with different length of
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a semiconducting CNT (20, 9) on h-BN substrate. Device was measured in
air and vacuum with source-drain bias Vsd = 10mV . Comparing with the
measurements in air in which short segments slowly turn on and have not
saturated even at Vg = −40V , in vacuum all the segments turn on at around
Vg = −8V and saturate at around Vg = −20V . This indicates that the
screening and doping by adsorbents on CNT such as H2O greatly effect the
efficiency of the device performance in ambient air. Later the temperature
dependent measurement was carried out in vacuum to rule out the scattering
from the adsorbents.








































Figure 6.12: Transfer curves of various channels of semiconducting CNT (20,
9) on h-BN surface with source drain bias Vsd = 10mV measured at room
temperature (a)in air and (b)in vacuum.
We checked the I-V characteristics of each segment as plotted in Fig-
ure 6.13(a), which shows linear behavior at the bias range of −20mV < Vsd <
20mV at gate voltage Vg = −40V . We extracted resistance from the slope of
I-V curve and plot as the function of channel length in Figure 6.13(b). All
the data points are well fitted with linear function, suggesting the resistivity
ρ = 53.7kΩ/µm and contact resistance Rc = 6.5kΩ. Compared with data
from clean CNTs (ρ = 20 ∼ 30kΩµm) in previous study[52], the resistivity of
this CNT at room temperature is a bit high, indicating impurities left from
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the fabrication process or defects in CNT might be the additional scattering
sources.









































Figure 6.13: (a) I-V characteristics of segments with different length of semi-
conducting CNT (20, 9) at gate bias Vg = −40V measured at room tempera-
ture in vacuum. (b) Plot of the resistance as the function of channel length.
The blue line is the linear fit giving the resistivity ρ = 53.7kΩ/µm and contact
resistance Rc = 6.5kΩ.
The device and chamber was heated overnight to degas for achieving lower
pressure. And system was cooled down to 10 K. Transport measurements were
carried out at stabilized temperatures as cooling and heating power reaching
equilibrium.
Transfer curves with source-drain bias Vsd = 60mV at various temperatures
were plotted in Figure 6.14(a). One can see the off-state clearly in this log
scale plot when Fermi level is tuned into gap region. The current tents to
saturate at Vg = −40V but fluctuates somehow at on-state. In order to get
reliable on-state resistance, for each segment we have done I-V sweep back
and forth for three times and take the average for I-V characteristics. In I-V
characteristics (Figure 6.14(b)),the non-linearity shows up at low bias at low
temperatures up to 200 K. This indicates that the contact is not transparent.
A barrier at metal CNT interface possibly arising from PMMA residue during
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Figure 6.14: Temperature dependent measurements of L = 2µm channel of
CNT (20, 9). (a) shows I-V curves with gate bias Vg = −40V at different
temperatures. (b) log-log plot of transfer curves with bias Vsd = 60mV from
10 K up to 400 K.
the fabrication becomes obvious at low temperature. When pushing the bias
to higher voltage, the linearity resumes. Therefore, we decide to use the slope
at linear regime to calculate the resistance. As temperature increases, the
barrier was overcome by thermal energy and thus I-V becomes linear again.
















Figure 6.15: (a) Plot of resistivity versus temperature of CNT (20, 9) on h-BN
device, comparing with (b) of CNT on SiO2 device[58].
We extract the resistivity from the slope of linear fit of resistance as a
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function of length for each temperature as plotted in Figure 6.15. We noticed
that the resistivity increases dramatically from about 275 K, which match the
the prediction from the surface polar phonon-electron interaction considering
the SPP of h-BN as large as twice of the one in SiO2.
6.3 CNT-FET on h-BN with graphite local
back gate
Since h-BN is an atomically thin and flat substrate with the dielectric prop-
erties (κ ≈ 3 ∼ 4, Vbreakdown ≈ 0.7V/nm) comparable to SiO2, it is a very
promising dielectric material for high efficient FET and flexible electronics.
We here fabricated the CNT-FET device on h-BN substrate with a thin layer
of graphite back gate denoted as CNT-BN-G device. (Refer to section 5.2.2
for fabrication details.)
6.3.1 FET performance
First we discuss the performance of the CNT-BN-G device fabricated from
CNT (18, 10) with diameter about 1.92 nm as shown in Figure 6.16.
The room temperature transfer curves from two segments on this device
exhibit a turn-on gate voltage at about Vg = −0.5V , as shown in Figure 6.17.
Compared with devices on 285 nm SiO2 substrate with similar geometry which
normally turn on at about Vg = −5V ∼ −10V [52], this thin h-BN dielectric
shows greatly improved gate tunability with less power consumption.
Another important parameter to evaluate the performance of a FET device
is the sharpness of the ON/OFF switching, or so called ‘inverse subthreshold
slope’ (SS = (dlg(Isd)/dVg)
−1). The small SS is desired for low threshold
voltage and low-power operation for FETs scaled down to small sizes. The
theoretical calculation of SS for MOSFET is SS ≈ ln(10)kBT
e
(1 +α), where T
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Figure 6.16: (a) From Rayleigh and Raman spectra a CNT is assigned as
semiconducting tube with chiral index (18, 10) and diameter d = 1.92nm. (b)
This CNT was transferred onto 5 nm h-BN flake with thin layer of graphite as
back gate.




























Figure 6.17: The current characteristic curves for two transistors on the same
CNT(18, 10)-BN-G device measured in air at room temperature: (a) L =
780nm with inverse subthreshold slope SS = 118mV/dec (b) L = 2.25µm
with SS = 165mV/dec. Arrows indicate the direction of sweep up and down.
is temperature, kB is Blotamann’s constant, e is the elementary charge and α
depends on capacitances in the device and is ∼ 0 when the gate capacitance is
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much larger than other capacitances. The lowest limit for SS is ∼ 60mV/dec
at 300 K[64][65]. Schottky barrier at the interface of semiconducting CNT and
metal contact is one of the reason to increase the SS, since the gate electric
field’s function is modulate the Schottky barrier height and thereby modulate
the barrier’s screening length and tunneling probability. The subthreshold
slope can be improved by drastically lowering the gate oxide thickness or us-
ing higher dielectric constant gate oxide in order to increase the gate capacitive
coupling. On the other hand, by using high work function metal such as Pd
to contact CNT an ohmic contact can be achieved, and the CNT-FETs be-
have similar to standard MOS-FET[65][66]. The most recent studies on short
channel CNT-FET with high k dielectrics have shown the inverse subthresh-
old slope approaches the room temperature limit. For example, a 9 nm CNT
channel on HfO2 (κ ≈ 25) shows a SS = 94mV/dec[67], and a 80 nm CNT
channel on LaOx(κ ≈ 27) shows SS = 63mV/dec[68].
In our case, the inverse subthreshold slope of two FET devices are SS =
118mV/dec and SS = 165mV/dec (Figure 6.17). Comparing with the CNT-
FET devices on thin SiO2 (2∼20 nm) which has the subthreshold slope of
160 mV/dec∼260 mV/dec[69], our devices have better performance. Moreover,
it’s even comparable to the device on high k dielectric HfO2 which shows an
average SS value of 118 mV/dec[68]. It’s noted that there’s high contact resis-
tance about 200 kΩ in our device, meaning that the Schottky barrier greatly
effects the SS value. Therefore by reducing the contact resistance to ohmic
contact regime, we believe the SS could be further reduced.
The device were measured in vacuum at room temperature later. The SS
remains in similar scale, while interestingly, the hysteresis has been greatly
diminished, achieving almost hysteresis-free level as shown in Figure 6.18. We
believe that water adsorbed on CNT surface in ambient air is the main cause
of the hysteresis[70]. Unlike the case of SiO2 which has tightly bound water
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Figure 6.18: Transfer curves of channel L = 780nm measured in (a) air and (b)
vacuum at room temperature. The hysteresis is found to be greatly reduced
in vacuum.
molecule through Si-OH silanol groups on the surface, the h-BN is hydrophobic
and the water adsorbent on CNT can be easily removed by pumping in vacuum.
It’s similar to what has been found in suspended CNT[70].
6.3.2 Quantum Dot
The big contact resistances (∼ 200 kΩ) in CNT(18 ,10)-BN-G device isolate
the CNT into islands which forms quantum dots at low temperature. Two
conditions were satisfied to observe quantum dot behavior at 2 K: R > Rq =
h/e2 and Ec >> kBT (T = 2K) = 0.17meV . Figure 6.19 shows the Coulumb
blockade diagram measured from 780 nm channel.
From Figure 6.19(b), we can clearly see a large zero conductance region
at low gate bias regime, followed by a small diamond appeared between Vg =
−1.5V ∼ −1V . The large region is the left half of the coulomb diamond
arising from the band gap of this semiconducting nanotube, and the small
diamond describes the state for hole injection. Since the nanotube is p-doped,
we could only see the diamonds on the p-side within the gate bias range |Vg| <
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Figure 6.19: Color plots of differential conductance dI/dV versus source-drain
bias V and gate bias Vg from device CNT(18, 10)-BN-G 780 nm channel mea-
sured at 2 K. (a)Large scale plot with Vg from -1.5 V to 0V and V from -1 V to
0.6 V (b) Enlarged plot of Coulomb diamonds in plot (a).
2V without dielectric break-down. Even we have swept the gate bias up to
Vg = 1.5V with the source-drain bias of |V | < 100mV (plot not shown here),
the edge of right half of diamond has not shown up. From the dimension of




according to Figure 6.7. Given
the diameter of the nanotube about 1.92 nm, we know that the band gap is
approximately 0.5 eV. Adopting the dimensions of the small diamond, we can
estimate that the big diamond for band gap has the horizontal dimension
about 5.94 V which is far beyond the break-down voltage in this measurement
and explains why we can not see the complete diamond.
The charge addition energy in the small diamond can be directly read
out from the vertical dimension as Eadd = 40meV . Using equation 6.15,
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the electronic level spacing for this 780 nm dot can be estimated as ∆ ≈
0.015meV << Ec, meaning that charging energy is dominant Ec ≈ Eadd =
40meV . The total capacitance thus can be calculated from equation Ec =
e2
C
as C = 4.01aF , resulting in gate capacitance CG =
1
11
C ≈ 0.365aF . On
the other hand, the gate capacitance CG can be estimated through the wire
over plane model CG =
2πεL
ln(4h/d)
where d and L are the CNT diameter and
length, h(= 285 + 5 = 290nm) is the gate dielectric thickness and ε = 3.9ε0
is the dielectric permittivity for h-BN and SiO2. Plugging in CG = 0.365aF ,
we obtain the size of the dot L = 11nm << 780nm, indicating there are
other barriers than contacts separating the channel into even smaller dot. In
addition, the observed zigzag shape in the region of −1V < Vg < −0.6V
suggests that at least two more diamonds exist nearby the gap which makes it
difficult to count the exact number of hole injection. These are possibly due
to disorder potential[61] from the PMMA scum left on the h-BN substrate
during fabrication. It indicates that given its prominent uniformity of surface
charge distribution compared with SiO2, the cleanness of the h-BN substrate
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bunching in the photoluminescence spectra of a single carbon nanotube,”
Physical Review Letters, vol. 100, no. 21, p. 217401, 2008.
[32] M. Y. Sfeir, T. Beetz, F. Wang, L. Huang, X. M. H. Huang, M. Huang,
J. Hone, S. O’Brien, J. A. Misewich, T. F. Heinz, L. Wu, Y. Zhu, and L. E.
Brus, “Optical spectroscopy of individual single-walled carbon nanotubes
of defined chiral structure,” Science, vol. 312, no. 5773, pp. 554–556, 2006.
[33] S. Berciaud, eacute, phane, C. Voisin, H. Yan, B. Chandra, R. Caldwell,
Y. Shan, L. E. Brus, J. Hone, and T. F. Heinz, “Excitons and high-order
optical transitions in individual carbon nanotubes: A rayleigh scattering
spectroscopy study,” Physical Review B, vol. 81, no. 4, p. 041414, 2010.
[34] S. Berciaud, V. V. Deshpande, R. Caldwell, Y. Miyauchi, C. Voisin,
P. Kim, J. Hone, and T. F. Heinz, “All-optical structure assignment of
individual single-walled carbon nanotubes from rayleigh and raman scat-
tering measurements,” physica status solidi (b), vol. 249, no. 12, pp. 2436–
2441, 2012.
[35] J. C. Tsang, M. Freitag, V. Perebeinos, J. Liu, and P. Avouris, “Doping
and phonon renormalization in carbon nanotubes,” Nature Nanotechnol-
ogy, vol. 2, no. 11, pp. 725–730, 2007.
[36] H. Farhat, S. Berciaud, M. Kalbac, R. Saito, T. Heinz, M. Dresselhaus,
and J. Kong, “Observation of electronic raman scattering in metallic car-
bon nanotubes,” Physical Review Letters, vol. 107, no. 15, p. 157401,
2011.
[37] M. Huang, Y. Wu, B. Chandra, H. Yan, Y. Shan, T. F. Heinz, and J. Hone,
“Direct measurement of strain-induced changes in the band structure of
81
BIBLIOGRAPHY
carbon nanotubes,” Physical Review Letters, vol. 100, no. 13, p. 136803,
2008.
[38] S. B. Cronin, A. K. Swan, Uuml, nl, M. S., B. B. Goldberg, M. S.
Dresselhaus, and M. Tinkham, “Measuring the uniaxial strain of individ-
ual single-wall carbon nanotubes: Resonance raman spectra of atomic-
force-microscope modified single-wall nanotubes,” Physical Review Let-
ters, vol. 93, no. 16, p. 167401, 2004.
[39] S. B. Cronin, A. K. Swan, M. S. Ünlü, B. B. Goldberg, M. S. Dresselhaus,
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The catalyst that we used for the long suspended CNT growth described in
Chapter 3 is the mixture of the chemicals:
TEOS(Tetraethyl orthosilicate) + Pluronic®F-127 + Co(Ac)2 + (MoAc2)2
Chemical name Manufacturer Catalog number
TEOS(Tetraethyl orthosilicate) Aldrich 86578
Pluronic-F127 Sigma P2443
Cobalt(II) Acetate Tetrahydrate 98% Aldrich 403024
Molybdenum Acetate Dimer 98% Sigma 232076
Table A.1: Chemicals for catalyst
A.2 Catalyst preparation
1. Solution A: 1.04 g tetraethyl orthosilicate (TEOS), 6.3 mL ethanol,
0.5 mL 0.1 M HCl were mixed by stirring and heated at 70 ◦C for 1 hr to
make solution A.
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2. Solution B: 4.5 g pluronic F-127, 99 mg cobalt acetate tetrahydrate and
66 mg molybdenum acetate were mixed with 50 g EtOH by sonication for
1 hr to make solution B.
3. Mix 5.5 g of solution B with all of solution A to get a transparent solution
C. Age solution C at room temperature for 2 week, which would turn into
a gel. Use toothpick to apply this gel onto chips for growth of SWNTs.
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Appendix B
Rayleigh Spectroscopy Setup
As indicated in the schematics in Figure B.1, the Rayleigh and Raman setups
share most of the optical path. Starting with the Rayleigh setup, I explain the
whole optical paths and components.
The suspended CNTs are set vertical to the table. Broadband light (400 nm
to 1100 nm) is generated using super-continuum laser, sent through a series
of optics, and focused on the suspended CNT through objective lens (50x).
The polarization is fixed to vertical in order to be parallel to the CNT axis to
reach the maximum absorption due to ‘antenna effect’. To achieve the stable
performance, we choose the maximum output of the laser power but only use
a small portion from the reflection of the beam splitter. The ND filter enables
fine adjustment of light intensity during the measurement.
The scattered light is collected at 90◦ direction to avoid any interruption
from the incident light, and sent to the spectrometer through confocal ar-
rangement (two convex lenses in front of the spectrometer). The key point
here is to focus the scattering light at the focal plane of the first convex lens
where we put a aperture for reference. Make sure that only choose the tightly
focused light by aperture in order to block any other stray light. On the other
hand, because the intensity of the broadband light is wavelength dependent,
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Figure B.1: Schematics of the optical setup for combined Rayleigh and Raman
spectroscopy measurements. In the setup, the black (red) dash line indicates
the ‘signal’ (‘reference’) light path of Rayleigh setup, while the green dotted
line indicates the light path of Raman setup. Commonly used optics like mirror
(beam splitter) are indicated by blue (purple) short lines. Dotted components
is removable or the add-in’s for Raman measurement.
we need to record the original light information to correct the spectrum ob-
tained. Hence, the ‘reference’ light path is set up by splitting the laser in front
of the objective lens (as indicated by the red dash line). It goes through two
polarizers: the one at the back is always set to vertical to keep the polarization
the same as the incident light, and the one in front is to enable the continuous
change of reference intensity. One needs to pay attention that the ‘signal’ and
‘reference’ paths should be aligned one on top of the other before sending into
the spectrometer. For the convenience to check the alignment, a flip-mirror
is added in front of the spectrometer to reflect the lights into the camera and
display the image.
The merit for this setup is to easily realize the Raman measurement by only
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adding a couple of optics. Raman spectroscopy uses monochromatic laser to
excite the electron and detects the inelastic scattering, so the ‘reference’ light
path is unnecessary but a notch filter is needed to add in the collection path










Aperture      
Convex
Back view of collection pathFront view of signal and reference path
Convex
BS
Figure B.2: Images of the optical setup for Rayleigh spectroscopy. Image
on the left is the front view showing the ‘signal’ and ‘reference’ light paths
after the beam splitter, while the one on the right shows the back view of the
collection path sending both signal and reference to the spectrometer.
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Rayleigh and Raman spectra
Here I list the chirality assignments for some CNTs from Rayleigh and Raman
spectra. Referring to the library of Kataura plot data from the theoretical
calculation by Sato et al.[9] and optical measurement combining TEM results
by Liu et al.[14], I assigned the chirality of each CNT using the knowledge
described in Chapter 2. Some previous work by Sfeir et al.[32] and Berciaud
et al.[33; 34] would also be a good assist in making the deduction.
Firstly I show two more examples of chirality assignment based on Rayleigh
and Raman spectra in addition to the ones given in Chapter 2. In the following,
datasets of assignments of metallic and semiconducting CNTs from Rayleigh
spectra are exhibited.
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Rayleigh spectrum Raman spectrum
Figure C.1: Rayleigh and Raman spectra of CNT (6, 4)

















































Rayleigh spectrum Raman spectrum
Figure C.2: Rayleigh and Raman spectra of CNT (14, 13)
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Figure C.3: Dataset of Rayleigh spectra and chirality assignments of metallic
CNTs
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Figure C.4: Dataset of Rayleigh spectra and chirality assignments of semicon-
ducting CNTs
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